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ABSTRACT
We have conducted a survey of young single and multiple systems in the Taurus-Auriga star-forming
region with the Atacama Large Millimeter Array (ALMA), substantially improving both the spatial
resolution and sensitivity with which individual protoplanetary disks in these systems have been ob-
served. These ALMA observations can resolve binary separations as small as 25–30 AU and have an
average 3σ detection level of 0.35 mJy, equivalent to a disk mass of 4 × 10−5 M for an M3 star.
Our sample was constructed from stars that have an infrared excess and/or signs of accretion and
have been classified as Class II. For the binary and higher order multiple systems observed, we detect
λ = 1.3 mm continuum emission from one or more stars in all of our target systems. Combined with
previous surveys of Taurus, our 21 new detections increase the fraction of millimeter-detected disks to
over 75% in all categories of stars (singles, primaries, and companions) earlier than spectral type M6
in the Class II sample. Given the wealth of other information available for these stars, this has allowed
us to study the impact of multiplicity with a much larger sample. While millimeter flux and disk mass
are related to stellar mass as seen in previous studies, we find that both primary and secondary stars
in binary systems with separations of 30 to 4200 AU have lower values of millimeter flux as a function
of stellar mass than single stars. We also find that for these systems, the circumstellar disk around the
primary star does not dominate the total disk mass in the system and contains on average 62% of the
total mass.
Keywords: protoplanetary disks, binaries: general, stars: pre-main sequence
1. INTRODUCTION
The formation, evolution, and dissipation of circumstellar disks are key components in understanding the formation
of stellar and planetary systems, but despite years of study, some puzzling questions about circumstellar disks remain.
One of the chief questions is why stars of similar ages, in the same star-forming region, can have very different disk
properties. Millimeter interferometry has been crucial in confirming the paradigm of a Keplerian rotating disk of gas
and dust that funnels material onto the central star, and millimeter continuum flux is the most sensitive probe of
cold dust in the outer disk (see e.g. Williams & Cieza 2011). Here we present results from an ALMA survey, taking
advantage of the unprecedented combination of high sensitivity and angular resolution to explore two of the factors
affecting these disks: the influence of stellar mass, and the influence of stellar companions.
Previous work has demonstrated that at a given stellar mass, the mass of the circumstellar disk ranges over more
than an order of magnitude in Taurus (Andrews et al. 2013), but many non-detections remain at the same flux level
as the lower flux detections. At lower stellar masses in particular (later than M3), the sample is dominated by non-
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detections and while the non-detections are consistent with the Ldisk ∼ M1.5−2.0 fit of Andrews et al. (2013, see also
Pascucci et al. 2016), our ALMA Cycle 0 observations of wide binaries in Taurus (Akeson & Jensen 2014, hereinafter
Paper 1) revealed several disks at flux levels below the sensitivity of pre-ALMA surveys.
Early studies of the impact of multiplicity generally did not resolve the individual disks, but did show a decrease
in flux for binaries with separations of a few to ∼ 100 AU (Osterloh & Beckwith 1995; Jensen et al. 1996). Initial
interferometric observations to resolve the separate circumprimary and circumsecondary disks detected the primary
disk, but only rarely detected the secondary disk and were limited to small (<5) sample sizes (Jensen & Akeson 2003;
Patience et al. 2008). Only the advent of high resolution and high sensitivity millimeter surveys provided sufficient
samples to detect more individual components. In the Taurus star forming region, two recent studies have concentrated
on disks in multiple systems. Harris et al. (2012) used the Submillimeter Array to observe 23 multiple systems in Taurus.
They found a lower detection rate for stars in multiple systems (28–37%) as compared to single stars (62%) and a
correlation of larger binary separation with higher flux. In Paper 1, we described an ALMA survey of 17 Class II
binaries in Taurus which detected 10 secondary disks and found that within binary systems the primary/secondary
stellar mass ratio is not correlated with the primary/secondary flux or disk mass ratio.
Despite the significant amount of previous work on this issue, some questions remain open. In particular, the
sensitivity level of pre-ALMA surveys was often insufficient to detect disks around lower-mass stars, given the well-
known correlation between stellar mass and millimeter flux (e.g. Andrews et al. 2013). As a result, these surveys were
less sensitive to secondary stars in binaries (by definition of lower stellar mass than their primary counterparts), and
they were often quite incomplete for the low-mass tail of the single star population as well, leading to biases when
comparing single stars to secondaries. Thus, in designing this ALMA study to probe both the influence of stellar
mass and of companions on circumstellar disks, we specifically included both undetected single stars and all previously
unresolved multiple systems where the component separations were resolvable in a snapshot survey at moderate (i.e.
∼0.′′2) resolution. When combined with previous detections from the literature and Paper 1, we have compiled a
significant sample of primary and secondary components to compare to their single star counterparts.
Our ALMA observations are described in §2, and the results of our survey, including calculation of the circumstellar
disk mass, in §3. The definition of a carefully selected sample for statistical analysis is given in §4, along with the
comparison of disk properties between single and binary stars. Our conclusions are given in §5.
2. OBSERVATIONS
2.1. Sample
We selected targets from a single star forming region, Taurus (distance ∼ 140 pc), so that effects such as age and
cluster environment are kept constant as much as possible. Taurus is ideal in having a significant population of YSOs
that have evolved into the disk-only state (with no remaining envelope) and in being very well studied, containing
both a well-known set of single stars with disks and a significant population of binaries where both stellar components
have been characterized in the optical or near-infrared. We started with the list of Taurus objects from Luhman et
al. (2010) and selected those with Class II spectral energy distributions (SEDs), which resulted in 211 stars in 166
systems. Twelve of these stars are spectroscopic binaries. Some of the multiple star systems were classified using
separate SEDs, but most of the binary star systems are unresolved in the mid-infrared and were classified as a pair.
We then eliminated all single and close (< 0.′′18 or 25 AU) multiple sources that had been previously detected at
millimeter wavelengths, as well as multiple systems where all resolvable (i.e. separations > 0.′′18) components have
been detected (Harris et al. 2012; Andrews et al. 2013, Paper 1). We also removed sources with observations in ALMA
Cycle 1. The remaining list included 69 single and multiple systems with 94 resolvable disks, including 1 G star, 7 K
stars, and the rest M stars.
2.2. ALMA Data Reduction
To construct the observing groups for ALMA, the sample was divided into close multiple systems (separations < 1′′),
and singles and wide multiples, to allow for different spatial resolution observations. Within these groups, the sample
was split to follow the ALMA guidelines on maximum angular separation from the gain calibrator. These divisions
resulted in five source groupings; four of these were observed in Cycle 2, and one of the four was re-observed in Cycle
3. Table 1 lists the basic information for these observation sets. One source group was never observed. The data
obtained included observations of 45 systems, with a total of 65 stars.
Taurus binaries with ALMA 3
Table 1. Observation Log
Project code Observation Date Antennas Beam (arcs)
2013.1.00105.S 2015 May 3a 36 1.7 x 0.9
2013.1.00105.S 2015 May 3 36 0.18 x 0.16
2013.1.00105.S 2015 Sept 18 34 0.24 x 0.13
2013.1.00105.S 2015 Sept 19 36 0.22 x 0.14
2015.1.00392.S 2016 July 1b 41 0.75 x 0.42
aHigh rms; data not used.
b Repeat of first 2015 May 3 dataset; used in analysis here.
We selected Band 6 (1.3 mm) for these ALMA observations. Three of the correlator sections were set for continuum
emission sensitivity, with the fourth set to the transition for CO(2–1) at 230.5 GHz. The total continuum bandwidth
was 7.5 GHz. For the datasets from 2015, we used the calibration provided by ALMA and created images using the
CASA package (McMullin et al. 2007). For sources with sufficient continuum flux, we also performed self-calibration.
The data taken in July 2016 did not pass the internal quality assessment at ALMA, so we processed the raw data
using the pipeline scripts in CASA. Based on the gain calibration and measured fluxes for sources with previous
measurements, we deemed the data usable and they are included in the analysis below.
For each target, the CASA routine clean was used to produce an image. As the source positions are known a priori,
detections were defined as a > 3σ peak at the known location. The flux uncertainty was measured as the rms in
the cleaned portion of the image without known sources. The peak flux was measured as the highest flux within the
detection, while the integrated flux was measured using the routine imfit and fitting a two-dimensional Gaussian.
3. RESULTS
3.1. Continuum emission
Table 2 lists all sources observed at ALMA with the detected Band 6 (1.3 mm; 230 GHz) peak flux and observed rms
or 3σ limit. For all detected sources, the integrated flux, the beam size and orientation, and the center of the emission
are listed. An integrated flux is not listed if the source was reported as unresolved by imfit. The results from imfit
are also used for the reported positions of the detections and to derive the measured component separations given in
Table 3. These observations resulted in 21 new detections: 6 single stars, 4 primary stars, and 11 companion stars.
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Table 3. Measured component separations
Name ALMA separation ALMA PA Lit. separation Lit. PA Lit. reference
(arcsec) (deg) (arcsec) (deg)
FO Tau AB 0.124±0.012 253.2±3.7 0.150±0.007 193.7±1.0 White and Ghez (2001)
XZ Tau AB 0.271±0.006 307.4±0.9 0.300±0.006 324.5±1.0 White and Ghez (2001)
GH Tau AB 0.287±0.007 103.0±1.0 0.305±0.006 114.8±1.1 White and Ghez (2001)
IS Tau AB 0.195±0.017 125.9±3.5 0.222±0.004 95.4±1.4 White and Ghez (2001)
HN Tau AB 3.061±1.735 222.5±23.2 3.142±0.001 219.7±0.5 Correia et al (2006)
Haro 6-28 AB 0.651±0.012 245.8±0.6 0.647±0.012 245.2±1.0 White and Ghez (2001)
GN Tau AB 0.450±0.024 130.9±2.1 0.335±0.006 124.1±1.0 White and Ghez (2001)
JH 223 AB 2.145±0.026 341.4±0.6 2.060±0.100 342.3±2.8 Kraus and Hillenbrand (2007)
V955 Tau AB 0.447±0.019 212.1±1.8 0.323±0.008 204.0±1.2 White and Ghez (2001)
DP Tau AB 0.207±0.052 345.7±8.6 0.107±0.001 293.3±0.3 Kraus et al (2011)
Haro 6-37 AC 2.660±0.031 38.5±0.5 2.650±0.080 38.9±0.2 Schaefer et al (2014)
Figure 1 plots the continuum emission for the multiple systems where the emission is unresolved or well fit by a
Gaussian. In every multiple system observed, we detected continuum emission from at least one disk. The positions of
the components are marked in the case of non-detections. In some cases, older catalog coordinates were used to set the
ALMA pointing, resulting in the offsets seen in Figure 1. We have confirmed that our detected positions correspond
to the expected stellar positions, and the differences due to orbital motion are discussed below. Figure 2 plots the
continuum emission from all detected single stars.
For three of the sources, our high angular resolution observations trace structure in the disk. Figure 3 shows the
well-studied circumbinary ring of GG Tau. Note that we can localize the central emission to arise from a circumstellar
disk around GG Tau Aa. UX Tau A was identified as a pre-transition disk by Espaillat et al. (2007) using Spitzer
data, and our ALMA data show a strong clearing in the inner disk (Figure 4). From the mid-infrared spectra, CIDA
9 was not identified as a transition disk by Furlan et al. (2011), but the ALMA data show a ring-like structure with
an emission deficit in the center (Figure 5).
For 11 of the binary or multiple star systems, we detected emission from two components in the system and thus
are able to measure projected separations and position angles, shown in Table 3. Although our positions measure the
centroid of the millimeter-wavelength emission rather than the stellar position, comparison of our measured positions
with those from Gaia DR2 (Gaia Collaboration et al. 2018) typically agree to within a few tens of milliarcseconds,
comparable to the ALMA astrometric uncertainty for our data, indicating that our measured positions trace the stellar
positions very well and that the millimeter emission is not substantially asymmetric or offset from the stars at our
resolution. As such, we can compare our measured separations and position angles with those in the literature from
earlier epochs. The four widest sources, HN Tau AB, JH 223 AB, Haro 6-28 AB, and Haro 6-37 AC, all have position
angles and projected separations that agree with previous observations (Table 3). In contrast, all of the sources with
projected separations of 0.′′5 or less (∼ 70 AU at an assumed distance of 140 pc) show detectable orbital motion. In
some cases the motion is substantial (e.g. a 60◦ change in position angle for FO Tau), but in all of these cases it is
within the amount of motion expected from simple assumptions about the orbits (e.g. modest eccentricities and that the
semimajor axis is similar to the current projected separation). Many of these systems had tentative initial detections
of orbital motion in Woitas et al. (2001) and our results show continued motion consistent with their results. Perhaps
the most surprising system is Haro 6-28 AB, which with a projected separation of 0.′′65 might have been expected
to show orbital motion, but which has a separation and position angle consistent with that measured by White &
Ghez (2001) in 1997, suggesting that it may be near periastron in an eccentric orbit and/or that the true separation
may be substantially larger than the projected separation. We also note that given the few tens of mas yr−1 proper
motions of typical sources in Taurus, comparison with previous measurements shows that all of the sources in Table
3 are common-proper-motion systems.
To determine disk masses, we need to know the distance to each of our sources. Gaia DR2 (Gaia Collaboration et
al. 2018) contains parallax measurements for most of our sources, but since many of our sources are binaries, we need
to be careful that the astrometric solution is not affected by orbital acceleration in the system. To assess the quality
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Figure 1. 230 GHz continuum images for all multiple systems in which the individual components are unresolved or Gaussian.
Note that the spatial scale varies depending on the beam size and component separation. Contours start at 3σ, as reported in
Table 2, and increase by 50% in each step.
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Figure 2. 230 GHz continuum images for detected single stars. Contours start at 3σ, as reported in Table 2, and increase by
50% in each step.
Figure 3. 230 GHz continuum image for GG Tau. The units for the color scale are Jy×beam−1. Contours start at 3σ and
increase by 50% in each step.
of each astrometric solution, we followed the procedure recommended in Gaia Technical Note GAIA-C3-TN-LU-LL-
124-01 (Lindegren 2018). For each star with a measured Gaia parallax, we calculated the renormalized unit weight
error (RUWE) of the astrometric solution, retaining only those with RUWE ≤ 1.6. For sources with good astrometric
solutions, we took distances and uncertainties from Bailer-Jones et al. (2018). In all cases, we used the distance of
the brightest Gaia source within 8′′ of the 2MASS position; in particular, this means that we used the same distance
for all components in a given binary or multiple system. The lone exception is the pair GI and GK Tau, which are
separated by 13.′′2. For sources without reliable Gaia DR2 distances, we used the weighted mean of the Gaia distances
for all other sources in our sample with 30′. A small number of sources had no sources in our sample within 30′ that
had reliable distances; in those cases, we adopted the median distance from our sample of 138.8±18.8 pc.
Assuming the dust is optically thin, the conversion from flux (Fν) to disk mass (Md) is
Md =
Fνd
2
κνXgBν(Td)
. (1)
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Figure 4. Bottom and upper left panels: 230 GHz continuum image for UX Tau. The units for the color scale are Jy×beam−1.
Contours start at 3σ and increase by 50% in each step. Upper right panel: The CO (2-1) map integrated over all velocities
(moment 0) for the UX Tau inset panel. The units for the color scale are Jy×beam−1×km×sec−1.
Figure 5. Top: 230 GHz continuum image for CIDA 9. The units for the color scale are Jy×beam−1. Contours start at 3σ
and increase by 50% in each step. Bottom: The CO (2-1) integrated velocity (moment 0) map for CIDA 9. The units for the
color scale are Jy×beam−1×km×sec−1.
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Figure 6. Top left: The 1.3 mm flux plotted against the stellar mass for all Class II stars listed in Table 4. Top right: The
calculated disk mass plotted against the stellar mass for the same stars. Bottom left: The ratio of the disk to stellar mass
plotted against the stellar mass for the same stars.
For comparison to the Taurus sample results of Andrews et al. (2013), we use the same constants of dust-to-gas ratio
Xg = 0.01 and dust opacity κν = 2.3 cm
2 g−1 at 1.3 mm. For our new ALMA sources, the uncertainty listed in Table
4 includes both the observed uncertainty from Table 2 and a 5% absolute flux calibration uncertainty (ALMA memo
594). For the mean dust temperature Td, we also adopt the Andrews et al. (2013) scaling of Td = 25(L∗/L)−1/4 K.
Our derivation of the stellar luminosity is described in §3.3 and the calculated dust temperatures range from 7 to 67
K, but the dust temperature for 95% of the single and binary star sample defined in §4.1 ranges from 10 to 30 K. The
derived disk mass or limit is given in Table 4(at end of paper) and shown for all stars in Figure 6.
For most of our ALMA data, the 3σ non-detection limit is ∼0.35 mJy which corresponds to a total disk mass limit of
4× 10−5 M = 4× 10−2 MJup ≈MUranus for a spectral type of M3. Even at this sensitivity level, we have detected no
new circumbinary disks, suggesting that circumbinary disks are not a common outcome of the binary star formation
process or that they dissipate by an age of 1–2 Myr.
3.2. CO emission
Because our observing strategy was tailored for a large survey and focused on detecting continuum emission, our
exposure times are not sufficient to detect CO(2–1) emission from the faint disks that form the majority of our new
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detections. Of 26 systems where we detect continuum emission (§2), we detect CO from only 16 systems, and then
usually from only one component in the system, so we are unable to do any meaningful statistical analysis on the
CO emission. Nonetheless, since a fraction of our systems do show some evidence of CO emission, in Appendix A we
provide some brief notes about the detected sources, and we provide peak fluxes and RMS values from the integrated
CO emission in Table 8.
3.3. Stellar properties
In order to compare the results from the ALMA survey with the population of Class II stars in Taurus, we need
stellar properties for all 211 of the Class II stars. For consistency, we followed the same procedure for all stars, even
those not observed by ALMA. First, we compiled spectral types from the literature, trying wherever possible to go to
the original references (listed in Table 4) rather than adopting spectral types referenced in other compilations. If the
only available reference for a star’s spectral type gave a range of types, we adopted the middle of that range, e.g. for a
spectral type given as M3–M5 we adopted M4. Using these spectral types, we followed the approach of Ward-Duong
et al. (2018) to determine stellar masses and luminosities. More specifically, we converted spectral types to effective
temperatures using the scale from Herczeg & Hillenbrand (2014). Two of our sources have spectral type M9.25, while
the Herczeg & Hillenbrand (2014) effective temperature scale stops at M9. For these sources, we adopted a simple
linear extrapolation of the M7–M9 temperatures, resulting in an adopted effective temperature of 2545 K for these
two sources, 25 K cooler than M9. For all sources, we adopted an assumed spectral type uncertainty of ±1 spectral
subclass, and translated that into an uncertainty on effective temperature. We then adopted an assumed age of 1
Myr for Taurus, consistent with the finding of Kraus & Hillenbrand (2009b) that 1–2 Myr is a good fit to the cluster
sequence. We used that age and the effective temperature to determine a stellar mass and luminosity for each star from
the models of Baraffe et al. (2015) for Teff ≤ 4210 K and the MIST models from Choi et al. (2016) for Teff > 4210 K.
In all cases, we used cubic spline interpolation between tabulated values, and propagated the spectral type uncertainty
into the uncertainties we quote for M? and L? (Table 4).
4. ANALYSIS
4.1. Defining a sample for statistical analysis
As noted above, we included only systems categorized as Class II in assembling the target list for our survey. For
binary and multiple systems, the system is included if only one classification is available, as is the case for most
close binaries, but we rejected systems where one component has been clearly classified as Class I or Class III. The
only multiple systems eliminated by these criteria are T Tau (triple), V773 Tau (triple), UX Tau (quadruple), and
2MASS J04554757+3028077/2MASS J04554801+3028050, a 6′′ binary where the primary is a Class III star and both
components have no millimeter detection. UX Tau was excluded after the observations were taken, so its data are
presented in Tables 2 and 4. To rigorously define a sample for statistical analysis, we consider stellar mass and
multiplicity status. The detailed criteria and cutoffs for these categories are described in the sub-sections below, and
Table 5 gives the counts and detection fractions. To standardize our comparisons and analysis, we have assembled
fluxes, derived stellar masses and luminosities (§3.3), and calculated disk masses for all Class II objects in Taurus,
including those that are not included in our statistical sample (Table 4). The flux values come primarily from this
work and from the compilation of Andrews et al. (2013), supplemented by more recent ALMA data or limits where
available (Hardy et al. 2015; Ward-Duong et al. 2018, Paper 1).
4.2. Stellar Mass
Although our input target list was complete in Class II systems to a spectral type of M8, the fact that one of our
requested observing blocks was not observed resulted in a substantial number of lower mass single stars still having
1.3 mm flux upper limits of 1 to ∼20 mJy, significantly worse than the ALMA detections and limits. To avoid biased
conclusions from these upper limits, we have defined a stellar mass cutoff above which at least 75% of the stars have
been detected. For both single and binary stars, this stellar mass cutoff is 0.06 M or a spectral type of M6. In
practice, the only binary systems that this eliminates from the statistical sample are FU Tau, an isolated pair of brown
dwarfs on the edge of the Taurus cloud (Luhman et al. 2010) and DH Tau, a system where the companion may be of
planetary mass (Itoh et al. 2005; Luhman et al. 2006c; Bonnefoy et al. 2014). We did not observe FU Tau with ALMA,
and the millimeter upper limits from previous observations of this system are not particularly sensitive, especially
given the very low mass of the pair. However, all new observations, regardless of stellar mass, are listed in Table 2
and Table 4.
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Table 5. Sample Size and Detection Rates
Sample Total mm detections Detection percentage
All Class II 211 151 72%
M6 or earlier 189 143 76%
Singles 65 52 80%
Binaries
All primaries 30 29 97%
All secondaries 30 24 80%
Wide primaries 12 12 100%
Wide secondaries 12 10 83%
Close primaries 18 17 94%
Close secondaries 18 14 78%
4.2.1. Single star sample
In order to isolate the effects of multiplicity on disk properties as cleanly as possible, it is essential to define our
single star comparison sample carefully. Past practice (including in some of our own work) has often been to assume
that stars not previously shown to be binary could be treated as single. However, high resolution observations of
T Tauri stars have continued to uncover previously unknown companions, particularly at smaller separations and/or
lower masses than previously detected.
Thus, we have taken extra care in this work to define our comparison sample of single stars. For a given star to
be included in the single star sample, we require that there are published observations that were sensitive to stellar
companions with separations as close as 20 AU (roughly 0.′′14 at the distance of Taurus). We drew limits on companions
primarily from Kraus et al. (2011, 2012), who give limits on companions out to 30′′, with a handful of systems from
other papers. While it is possible that there remain a small number of undetected companions in our single star
sample, we are confident that it is largely free of stellar mass companions, especially those expected to have a large
effect on disks.
In addition to the high-resolution imaging observations, we require that there is a published millimeter flux or upper
limit, which was available for all sources. After applying the stellar mass limits discussed above, our final sample of
single stars consists of 65 stars, designated with a “0” in the “Role” column and a “Y” in the Sample column in Table
4.
4.2.2. Binary and Multiple star sample
For our analysis of the effects of multiplicity, we restrict the binary sample to stars that are strictly binary (only
two stars in the system) and that could be resolved by the spatial resolution of these observations (> 0.′′18), excluding
triples and higher-order multiples to avoid the ambiguity of the influence of both close and wide pairs in the same
system. For this binary statistical sample, we require that both stars in the system have been observed with high
spatial resolution, applying the same criterion as for the single-star sample above. The outer cutoff was set at a
projected separation of 30′′ (4200 AU) following Kraus & Hillenbrand (2009a) as this is the separation in Taurus at
which the frequency of chance alignments becomes significant. This results in a sample of 30 binaries. In Table 4 the
primaries are designated with a “1” and the secondaries with a “2” in the Role column, and those in the statistical
sample with a “Y” in the Sample column.
For the binary comparisons, we define the primary star as the star with the highest stellar mass. To divide the
binary sample into wide and close pairs, we used a projected separation value of 1′′ or ∼ 140 AU. This is based partly
on surveys that show a typical continuum disk size of ∼50–100 AU but also results in a reasonable number of systems
in each sub-sample for statistical comparison. The total number of stars and the number of detections in each of these
categories (single, wide binary, close binary) are given in Table 5. Within this sample, all detection fractions are above
75%, even for the closest binaries (0.′′11 to 0.′′4 or 15 to 60 AU).
4.3. Statistical Calculations
After applying the definitions of single and binary given above, as well as the stellar mass criteria, we have a sample
of 125 stars: 65 single stars, and 60 stars in 30 binary pairs. The millimeter flux detection fraction for this sample
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Table 6. Two-Sample Comparisons
Sample p-value
M∗ Fν Mdisk/M∗ Mdisk/M1.3∗
Singles/Primaries 3.5× 10−5 0.95 0.015 0.0089
Singles/Secondaries 0.26 0.027 3.0× 10−3 0.0037
Primaries/Secondaries 6.3× 10−5 8.3× 10−3 0.60 0.98
Singles/Wide 0.0050 0.93 0.18 0.11
Singles/Close 0.037 0.032 1.8× 10−4 2.3× 10−4
Wide/Close 0.072 0.034 0.044 0.050
is 80% or higher for each category of single, primary, or secondary. This detection fraction is substantially higher
than for previous surveys; by comparison, the detection fraction above M6 in Andrews et al. (2013) was 58% and
the detection fraction in multiple systems in Harris et al. (2012) was 28–37%. This detection efficiency gives us more
fidelity in comparing the influence of binarity on the millimeter flux and therefore on the disk mass.
To quantitatively compare the properties of the samples, we used the R statistical package, in all cases using routines
for censored data to account for the upper limits in millimeter flux. The results from these statistical analyses are
given in the following sections. From the survival package we used the log rank test from the survdiff function for two-
sample comparisons, and the Kaplan-Meier (KM) maximum likelihood estimator in the survfit function to compare
the distribution functions. We used the cenken function to calculate the Kendall’s τ correlation coefficient between
the primary and secondary disk to stellar mass ratios, and to estimate the slope of any correlation.
4.4. Accounting for stellar mass in comparing the samples
As previously shown in several studies in Taurus (Harris et al. 2012; Andrews et al. 2013; Pascucci et al. 2016) the
millimeter flux and derived disk mass depend on the stellar mass. We see the same impact of stellar mass with the
addition of our ALMA detections and more stringent disk mass limits at lower stellar masses (Figure 6). In applying
the two sample test to the 1.3 mm flux distribution of single, primary, and secondary sources, we see the same results
as Harris et al. (2012); the distributions of single and primary star fluxes are similar (p = 0.95), while the secondary
fluxes arise from a different sample than the singles (p = 0.027) or the primaries (p = 8.3×10−3) (Table 6). We also fit
a linear regression to the millimeter flux as a function of stellar mass separately for our single star and binary samples
(Figure 7). We followed the same procedure as Andrews et al. (2013), using the LINMIX ERR MCMC algorithm of
Kelly (2007), as implemented in the Python package linmix by Josh Myers. The slopes are consistent with each other
and broadly consistent with those found by Andrews et al. (2013) and Pascucci et al. (2016) (1.73+0.27−0.27 for single stars
and 1.93+0.42−0.39 for binary stars), but the intercepts of the two samples are clearly different (1.80
+0.17
−0.18 for the single stars
and 1.26+0.17−0.18 for the individual stars in binary systems), with a lower millimeter flux for the stars in binaries at a
given stellar mass.
However, the stellar mass distributions of primary, secondary, and single stars are different from each other, which in
turn influences their disk properties. Thus, to fully understand the comparison of single and binary stars, it is important
to take into account the underlying stellar populations. For the sample as defined here, including the stellar mass
cutoff at M6, the stellar masses for the singles and primaries are drawn from different samples (p = 3.5× 10−5, Table
6). This is easily seen in plots of the KM estimator of the cumulative distribution; the single stars span the complete
mass range, but the distribution of primary stars has a lower mass cutoff at 0.25 M (Figure 8). Unsurprisingly, the
distribution of primary stellar masses is also distinct from (and on average larger than) that of secondary stellar masses.
There are some differences between the stellar mass distributions between the wide and close binaries, particularly the
wide and close secondaries. This difference may be due to the small number of objects in each of our binary separation
categories as a much larger study by Kraus et al. (2011) of 90 Taurus binaries showed no correlation between the mass
ratio distribution and the separation distribution.
While the millimeter flux distribution plots (Figure 9) match previous work (Harris et al. 2012; Andrews et al. 2013),
we also looked at other metrics to further investigate the role of stellar mass. Fitting a linear regression to the disk mass
as a function of the stellar mass, using the same procedure as for flux above, yields slopes and intercepts of 1.26+0.26−0.26
and −2.32± 0.17 for the single stars and 1.52+0.41−0.40 and −2.85± 0.18 for the binary stars. These slopes are consistent
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Figure 7. The linear regression fits to the separate samples of single stars (purple) and stars in binary systems (green). The
shaded areas show the 68% confidence regions around the fits.
with Andrews et al. (2013) and while the slopes are consistent within 1 σ, the confidence intervals around the best-fit
lines are clearly distinct from each other (similar to what is shown for the fluxes in Figure 7), with the singles having
larger typical disk masses at a given stellar mass. We compared the samples of single, primary, and secondary stars
for both log (Mdisk/M?) and log
(
Mdisk/M
1.3
?
)
with the results given in Table 6. For both metrics, the single stars are
drawn from a different population than either the primaries or the secondaries, while the primary and secondary stars
are consistent with being drawn from the same population. As the statistics are similar between these two metrics,
we have used log (Mdisk/M?) in our plots to facilitate comparison with works examining other star formation regions
such as Chamaeleon (Pascucci et al. 2016). We note that our observed similarity of log (Mdisk/M?) for primary and
secondary stars is a different result than found in previous work (e.g. Harris et al. 2012). The difference may result
from our much higher detection rate among low-mass stars, both among the single stars and the secondaries.
The previously reported tendency for the disks around primary stars to be brighter than disks around secondaries
at millimeter wavelengths is largely an artifact of their greater stellar masses; when the different stellar masses of
primaries and secondaries are accounted for, there is no clear difference in the distribution of their disk properties.
4.5. The influence of binary separation
Both the two-sample comparison (Table 6) and the KM plots (Figures 9 and 10) show that the millimeter flux and
disk mass of wide (> 140 AU) binaries are much closer to those of single stars than close binaries. This impact on the
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Figure 8. Kaplan-Meier estimator of the cumulative distribution of stellar masses for our statistical analysis sample, displayed
in various ways. In this and the following plots, the shaded region shows the ±1σ confidence region around the estimated
distribution. The difference between primary and secondary star stellar masses is more prominent among the wider binaries.
disk properties of the binary separation has been seen previously (Jensen et al. 1996; Harris et al. 2012). Our more
sensitive survey finds that many close binary systems do have disks, but with lower flux than their wider separation
counterparts. In Figure 11 we plot the ratio of the secondary to primary disk mass and the total (primary + secondary)
1.3 mm flux as a function of projected separation. In this sample, close binaries tend to have roughly equal mass disks,
while wide binaries have a much wider range of disk mass ratios. In both plots, the point size is scaled to the stellar
mass ratio, with larger points corresponding to more equal stellar mass ratios. There is no obvious correlation with
stellar mass ratio in either of these plots.
One unresolved question with the smaller flux from binary disks is whether this is due to intrinsically smaller disks,
perhaps due to truncation, or to different disk structure. Recent studies by Tripathi et al. (2017) and Andrews et al.
(2018) have used resolved disk samples to constrain the contribution of optically thick emission and have confirmed the
disk size/luminosity relation previously inferred from smaller samples. These samples were specifically constructed to
exclude close binary stars and it would be instructive to compare the disk size between our single and binary samples.
However, while our ALMA data for the close binaries has sufficient angular resolution to resolve or constrain the
disk size, this is not the case for the majority of the wide binaries and single stars. For instance, of the 66 stars in
our singles sample, only 16 have sufficient data to be included in the Andrews et al. (2018) study. Additional high
resolution observations of the complete single and wide binary sample would allow a comparison of disk size with the
same categories as our flux comparisons.
In the plot of total system flux as a function of separation (Figure 11), there is a clear trend of higher total flux for
larger separations; in our sample, the median flux for the close (15 to 140 AU) binaries is 4.7 mJy, while the median
flux for the 140 to 4200 AU binaries is 22.4 mJy. Harris et al. (2012) used different separation divides of <30 AU,
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Figure 9. Millimeter fluxes for singles and binaries in the statistical sample, divided in various ways as noted. As seen
in previous work, the components of close binaries have significantly lower millimeter fluxes than either single stars or the
components of wide binaries.
30–300 AU and >300 AU and included pairs from higher order multiples. Given our sample definition, we only have
two systems in their lowest bin, but using the same definitions for the two larger bins, we see roughly the same factor
of 5 increase in flux.
4.6. Comparison of primary and secondary disks
In comparing the properties of the primary and secondary circumstellar disks, we note several properties from this
sample:
1. The two-sample tests indicate that the Mdisk/M? values for primary and secondary stars are consistent with
being drawn from the same distribution (p = 0.60). As noted in §4.4, both of these samples are drawn from a
different population than the single stars for this parameter. The KM plots show that Mdisk/M? is systematically
higher for the single stars (Figure 10). Dividing the binaries into wide and close samples instead shows that the
wide binaries are closer to the single distribution, but are still systematically lower. Previous studies have shown
this negative impact on disk mass for multiple systems (Jensen et al. 1996; Harris et al. 2012; Cox et al. 2017)
but here we show that as a function of stellar mass, both the primary and secondary millimeter fluxes and disk
masses are systematically lower than for single stars (see also Figure 7).
2. It has been shown in previous large studies of Taurus and other star formation regions that while the disk mass
is generally correlated with stellar mass, there is roughly an order of magnitude scatter in disk mass around
this relationship (Andrews et al. 2013; Pascucci et al. 2016; Ansdell et al. 2016; Barenfeld et al. 2016). If this
scatter is due to physical quantities or processes that vary across the star formation region but are constant on
scales of stellar binaries, we would expect the disk mass ratio and the stellar mass ratio in binary systems to be
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Figure 10. Disk/stellar mass ratio. Note that primary and secondary stars have indistinguishable distributions of disk mass
once we normalize by the stellar mass (panel a), and that both are clearly lower than single star disks. In addition, the closer
binaries as a group not only have lower millimeter fluxes than single stars (as seen in the previous figure), but also lower disk
to star mass ratios. Comparing panel b in this and the previous figure, scaling by stellar mass also reveals more of a difference
between singles and wide binaries in the disk/star mass ratio than seen in the flux alone, indicating that even the wider binary
disks may have been influenced by multiplicity.
correlated. The left panel of Figure 12 plots this relation for our binary sample, with the diagonal line tracing
equal ratios. Consistent with Paper 1, these binary systems show no correlation between disk mass ratio and
stellar mass ratio, for either wide or close systems. Using the Kendall τ correlation, the p-value for no correlation
is 1 for the wide systems and 0.3 for the close. This lack of correlation can be explained in two ways: 1) The
parameters that cause the scatter in the general disk-stellar mass relation vary on scales of less than 30 AU or
2) the processes controlling the disk mass in binary formation are different than those for single stars and apply
even to binaries with separations much larger than the canonical disk size. We note that the scatter is both
above and below the equality line; i.e. for some systems the primary disk is more massive than expected from
the stellar mass ratio, while in others the secondary disk is more massive than expected.
3. The sensitivity and angular resolution of our ALMA observations have resulted in a much higher detection rate
for secondary components than found by previous surveys in Taurus (Harris et al. 2012; Paper 1). In these Class
II binaries, the primary disk mass does not dominate the total disk mass in the binary system (Figure 11). The
average fractional disk mass for the primary compared to the total disk mass in the binary is 62%, with our
assumption of optically thin emission. While there are binaries where Mdisk, secondary < 0.1Mdisk, primary, there
are also three systems where the ratio of the secondary to primary disk mass is significantly (> 2σ) higher than
one. These systems span the range of projected separations but in each case, the spectral types are at least
three sub-classes apart, so the primary and secondary stellar masses are significantly different. These systems
18 Akeson et al.
Figure 11. Left: The disk mass ratio (secondary/primary) plotted against projected separation for the binary star sample as
defined in §4.2.2. The symbol size is scaled to the stellar mass ratio, with larger points for binaries with equal mass ratios.
Right: The total 1.3 mm flux versus the projected separation for the binary sample.
Figure 12. Left: the disk mass ratio for each binary system (secondary/primary) plotted against the stellar mass ratio. Close
binaries (< 100 AU) are plotted in pink, while wide binaries are plotted in green. The dashed line represents the equal ratios
between the x and y axes and is not a fit to the data. Right: Log Mdisk/M? for the secondary star plotted against the same
ratio for the primary star.
contradict the predictions of binary star formation by Bate (2000) that in general, the primary disk will have
more mass than the secondary disk; however, these models do not include disk evolution. The three systems are:
• CZ Tau: Only the secondary disk is detected for CZ Tau and the secondary/primary disk mass limit is
> 3.1. The position of the source we detect with ALMA has an uncertainty of less than 20 mas (Table
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Table 7. Correlation tests of
Primary vs. Secondary Disk/Stellar
Mass Ratios
Sample Slopea Kendall’s τ pb
All 0.22 0.08 0.53
Wide −0.48 −0.35 0.12
Close 0.62 0.37 0.031
aNonparametric slope estimate from
Akritas-Theil-Sen method
b Probability that no correlation is present.
2) and is located at a separation of 0.′′397 and position angle of 87.5◦ from the source detected in Gaia
DR2 (Gaia Collaboration et al. 2018), to be compared with the separation of 0.′′317 and position angle of
88.1◦±1.1◦ reported by White & Ghez (2001). If the single Gaia detection is the primary, then the position
of the ALMA source agrees well with the expected position of the secondary based on past observations,
with a modest separation change due to orbital motion as we see for most other systems in this separation
range (Table 3). If Gaia were seeing the secondary, then the source we see with ALMA would be 180◦ from
where the primary should be but coincidentally at the same separation. The spectral types are M3 and M6.
• CoKu Tau 3: Both components of this binary were detected in Paper 1 and the spectral types are M0.5
and M4.3. The secondary/primary disk mass ratio is 4.4± 1.6.
• GI/GK Tau: These disks were both detected in previous surveys. GK Tau is the primary with a spectral
type of K6.5 while GI Tau has a spectral type of M0.4. The secondary/primary disk mass ratio is 2.5± 0.8.
4. A different probe of the relationship between the primary and secondary disks is to compare Mdisk/M? within
the binary system; i.e. if the primary has a low or high value of Mdisk/M?, is that also seen for the secondary?
This comparison is shown in the right panel of Figure 12. As can be seen, the wide and close binaries follow
different patterns. To confirm this, we used the Kendall’s τ relation to test the correlation for the two samples,
and the Akritas-Theil-Sen method to find the estimated slope, again using the R routine cenken. The slopes
and correlation coefficients τ are given in Table 7, where τ = 0 corresponds to no correlation and the p-value is
reported for no correlation being present (i.e. a low p-value value represents the presence of a correlation). For
all binaries, there is no correlation between the primary and secondary ratios (τ = 0.08, p = 0.53). Analyzing
the wide and close samples separately, the τ and p-values indicate there is a correlation. However, while the
close binaries are positively correlated, the wide binaries are negatively correlated. That is, in wide binary
systems, if the primary has a high value of Mdisk/M?, the secondary preferentially has a low value of Mdisk/M?.
One possible explanation is that if close binaries have disks that accrete from a common envelope, whatever
mechanism controls the division of mass between the disk and the star operates similarly for both stars. On
the other hand, for the wider binaries, the mass accretion process may be competitive, and if the primary disk
receives more mass relative to the star, this could result in less relative disk mass for the secondary.
5. CONCLUSION
We have conducted a survey of Class II sources in Taurus with ALMA and made 21 new detections. Combining our
data with that of previous surveys, the detection fraction for Class II stars in Taurus is now above 70% for stars in both
single and multiple systems. This high detection fraction makes this sample ideal for comparison of disk properties,
particularly the impact of multiplicity. We find the following properties for disks around Class II stars in Taurus:
• Comparing the observed flux as a function of stellar mass for single, primary, and secondary disks, the single stars
clearly have a higher flux level, while primary and secondary stars have the same flux levels for a given spectral
type. Previous studies that showed similar flux levels for single and primary stars for a similar range of binary
separations did not control for the difference in stellar mass distributions between the single and primary star
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populations. Similarly, in comparisons of Mdisk/M?, single stars are drawn from a different population than both
primary and secondary stars, while primary and secondary stars appear to be drawn from the same population.
• The disk mass from the primary star accounts for 62% of the total mass on average and thus does not dominate
the total disk mass for these Class II binary systems. The range of disk mass ratios spans almost three orders of
magnitude, although the stellar mass ratios only span one order of magnitude. For three binaries in our sample,
the circumsecondary disk mass is higher than the circumprimary disk mass and this occurs across a range of
projected separations.
• Most close (< 140 AU) binaries do have circumstellar disks around one or both components, but these disks are
significantly less massive than around wider binaries or single stars. This applies even to the closest binaries in
our sample (15 to 60 AU) where the detection fraction is 87% for both primaries and secondaries. We detect no
circumbinary disks; if there is any circumbinary material in these systems, it must be extremely tenuous to have
escaped detection in this survey.
• In close (< 140 AU) binaries the values of Mdisk/M? for the primary and secondary stars are correlated, but in
wide binaries, they are anti-correlated.
This paper makes use of the following ALMA data: ADS/JAO.ALMA#2013.1.00105.S and
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with the Republic of Chile. The Joint ALMA Observatory is operated by ESO, AUI/NRAO and NAOJ. The National
Radio Astronomy Observatory is a facility of the National Science Foundation operated under cooperative agreement
by Associated Universities, Inc.
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APPENDIX A: NOTES ON CO EMISSION FROM INDIVIDUAL SOURCES
Peak fluxes and RMS values from the integrated CO emission are presented in Table 8. Here we briefly discuss the
sources detected in CO.
2MASS J04295950+2433078: Weak CO detection.
CIDA 9 (J05052286+2531312): This source is strongly detected and spatially resolved in the continuum map
and the CO emission shows a clear detection and east-west velocity trend (Figure 5).
DP Tau: The CO emission is extended along the binary position angle, similar to what is seen in the continuum
(Figure 1), suggesting that there is CO associated with both components.
FX Tau: The primary source, detected in the continuum, is also detected in CO. The CO emission centroid is
offset by ∼ 0.′′08 from the continuum centroid; this appears to be the emission from one side of the disk, with
the other side’s emission falling at velocities that are similar to those where absorption from the molecular cloud
is seen in other sources in Taurus, and thus presumably absorbed by the cloud.
GG Tau: CO emission associated with both the central source and the large circumbinary ring is clearly detected,
though our sensitivity to this low surface brightness emission is not nearly as good as previously published ALMA
CO data; see Phuong et al. (2018).
GH Tau: The western source is weakly detected in CO.
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Table 8. CO detections
Source Peak flux RMS
(Jy beam−1 km s−1)
CIDA 9 (J05052286+2531312) 0.284 0.049
DP Tau 0.323 0.066
FX Tau 0.292 0.043
GG Tau 0.295 0.043
GH Tau 0.159 0.038
Haro 6-28 0.134 / 0.152 0.041
Haro 6-37 0.253 0.043
HN Tau 0.749 0.058
IRAS 04187+1927 0.452 0.058
ITG 33A 0.192 0.065
J04295950+2433078 0.267 0.060
UX Tau 0.467 0.039
V807 Tau 0.343 0.039
V710 Tau 0.810 0.058
VY Tau 0.239 0.076
XZ Tau 0.631 / 0.469 0.048
Haro 6-28: There are weak CO detections at the positions of both binary components. As with FX Tau, it
appears that only half of the primary’s disk is detected, with the other half at velocities that are absorbed by
the cloud.
Haro 6-37: We detect component C (NE at 2.′′7) in CO, as in the continuum. CO emission is not apparent until
velocities & 8 km s−1, suggesting that half of the disk emission may be absorbed by the cloud, as with some other
sources. There is some complicated emission structure at higher velocities. The position angle of the emission is
roughly 20◦.
HN Tau: Very compact CO detection with a possible velocity gradient at PA ∼ 135◦.
ITG 33A: The source detected in the continuum map is also weakly detected in CO.
IRAS 04187+1927: Modest CO detection with a possible velocity gradient at PA of roughly 100◦.
UX Tau: The CO emission from the ring (Figure 4) shows a clear rotational signature, with the northern edge
receding.
V807 Tau: There is a clear CO detection of the primary, though many channels are affected by cloud absorption.
V710 Tau: Only the northern source is detected in the continuum, and CO emission is present at that position
as well, with a velocity gradient at a position angle of roughly 250◦.
VY Tau: The primary source detected in the continuum map is also marginally detected in CO.
XZ Tau: Complicated emission pattern; both sources seen in the continuum map appear to be detected, but
there is additional structure present in the CO emission as well.
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